A fast bipolar monolithic Charge Sensitive Preamplifier (CSP), implemented in a 2 ,um BiCMOS technology called HF2CMOS, was exposed to neutron fluences (4) of up to about 1OL6 n/cm* and photons of up to 5 Mrad. An increasing degradation of the base spreading resistance, r&f as well as increased parallel noise of the input NPN transistor and the PMOS transistor of the second stage of the CSP, was observed for 4 > lOI n/cm*. The increase of rbb' was found to be consistent with a decrease of carrier concentration in the base region, after maximum neutron irradiation.
Introduction
Neutron fluence (4 < lOI n/cm*) induced effects in ;I fast bipolar Charge Sensitive Preamplifier (CSP) , implemented in the monolithic 2 pm BiCMOS technology (called HF2CMOS), were studied by us [ 11. The CSPs are intended for placement inside detectors close to the experiments at future hadron colliders. The detectors will have a large number of channels and will operate with high event rates. The CSPs will be subjected to a high fluence of neutrons and a large dose of photons and charged particles. It was found that the CSP can be made adequately radiation hard.
In this paper, neutron fluence (4 > lOI n/cm*) and photon (up to 5 Mrad) induced effects, were investigated in the same version of CSP.
Study of irradiated CSP
We employed the same version of CSP as in Ref.
[ 1 ] ( Fig. 1 ) , implemented with the HF2CMOS process. NPN bipolar transistors with a transition frequency of f~ = 6 GHz, PNPs with f~ = 2 GHz, and N and PMOS transistors with 2 pm gate length, were used. The CSPs were Irradiated at the Triga RC/l reactor of the National Organization for Alternative Energy (ENEA), at Casaccia, Rome. The energy range of the reactor produced neutrons was between 24.8 keV and 10 MeV, with a mean energy of * Corresponding author. Fax: + 972-3-642-3508; e-mail: ~idman@eng.tau.ac.il. 0.885 MeV and a flux of 6.475 x 10" n/cm' s. The following fast neutron fluences were employed for irradiation: 1.19 x lo'*, 1.19 x 1013, 1.19 x 1o14, 5.95 x 1o14, 1.19 x 10'5, 4.16 x 1015, and 8.92 x 10" n/cm*. When the reactor worked at 1 MW, a fluence of about lOI n/cm' was obtained in less than four hours.
The same version of CSP was irradiated with "Co to 1 and 5 Mrad.
The behavior of the input transistor (Qk ) with qi
The CSP was implemented with a 5500 pm* NPN input transistor (Q' ), 150 times larger than the minimal allowed by this technology. The decrease of current gain, /3, with increasing fluences, for a collector current of 3 mA, can be seen in Fig. 2 does not impair the usage of the NPN transistor, QI. p decreased by a factor of 1.4 for 1.19 x 1 014 n/cm'. by a factor of 2.5 for 1.19 x IO" n/cm', and by a factor of about 50 for 8.92 x l0lh n/cm'.
Equivalent noise charge (ENC) oj'the CSP
Equivalent noise charge is defined as the charge to be injected into the input, in order to make the signal-to-noise ratio equal to one. The main contributions are the input series noise (collector shot noise) of Qr , the rbb, series thermal noise of Qi, the thermal and 1 /f noise of the PMOS Qz (both referred in series to the input), the input parallel current and the parallel thermal noise of the feedback: 
Parallel rioise measurements
The parallel noise as a function of 4. at r = 20 ns, can be seen in Fig. 3 . The noise measurements were taken with r = 100 ns, and scaled proportional to 7"'. A negligible capacitance was connected at the input, in order to make the parallel noise effect dominant in respect to the series 75% for 1.2 x IO" n/cm', by 260% for 4.16 x lOI n/cm*, and by 700% for 8.92 x lOI n/cm*.
Series noise measurements
The series noise consists of the channel shot noise, the thermal noise of the base spreading resistance of Qi, and the thermal and 1 /f noise of the PMOS (Ql), reflected to the input.
The total series noise, as a function of 4, was measured by varying the detector capacitance, CD. A special procedure was adopted for minimizing measurement errors, due to a possible contribution of the parallel noise [ 2 1. The total series noise e,(r), subtracted by the channel noise contri- ( 7) , the total series resistance noise, depends linearly on r due to l/f noise and on Ic due to second stage effect. &r(r) is plotted in Fig. 4 vs. 4 for r = 20 ns. 
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For lc(Ql) = 3 mA and 7 = 20 ns, it can be seen that /?m( 7) increased from 10.3 fl for the non-irradiated CSP, to 10.4 n only for the irradiated one ( 1.2 x lOI n/cm'). The increase for 4.2 x lOI n/cm2 ( 13.7 a) was by 33% and for a relatively small difference of fluence, 8.9 x 1015 n/cm', the increase was 92% ( 19.8 a).
We were able to evaluate the noise of Q1 and of the PMOS from RNT( 7). by varying 7 and the bias current Ic of Q1, by changing RB in Fig. 1 . By measuring e,( 7) as a function of IC and plotting RNT(T), the result of Fig. 5 is obtained for each neutron fluence. The interception with the y-axis of Fig. 5 , is the series noise of Q1, while the slope represents the second-stage (PMOS) contribution to the series noise. Performing the same measurements at various shaping times, Fig. 6 (7 = 100,200, and 500 ns), two significant conclusions can be drawn: ._ The BJT 1 /f noise remains negligible for all 4 since there is almost no difference in y-axis interception (Fig. 6 ) for different fluences and for different 7. In fact, a 1 /f noise contribution should give a term, proportional to r in this representation and -. the second-stage (PMOS) noise is due mainly to l/f noise and is represented in Fig. 6 by the change in the slopes with 7. In Fig. 7 , these slopes can be seen linearly dependent on 7 and, it can, therefore, be concluded that they are caused by a 1 /f source (Eq. ( 1) from Ref.
[ 21).
In Fig. 8 , the PMOS noise, extracted from the slopes of Figs. 5 and 6, can be seen as a function of fluence. From the non-irradiated to exposures to fluence of 1.19 x lOJ4 n/cm2 there was a negligible increase (of about 12.25%). Up to X.9 x 1 015 n/cm2 the PMOS noise increased by about 3 14%. was estimated and plotted (Fig. 9) . From our earlier paper
[ 11, it could be seen that up to 1014 n/cm2, rbb' did not change significantly, being about 4.56 R. From Fig. 9 it can be seen that this remains so, but at 4.16 x 10" n/cm2 it varies by [ (-6.4%)/( +2.2%)] and at 8.9 x 10" n/cm2, a jump of about 56%, up to (7.8 a), occurs.
Fluence dependence of rbb'
The value of rbbt increases only at the highest employed fluence (8.92 x 1 015 n/cm'). In order to investigate this behavior, we have performed measurements of rbb' as a function of temperature for each fluence of neutron irradiation. From this, the value of the concentration of the acceptors in the base region, as a function of 4, was extracted. 
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The relation between the base spreading resistance and the concentration of acceptors is where -L is the width of the emitters; -W and S the width and depth of the base, respectively; -p is the mobility; and -N the dopant concentration (Acceptors for the p-base of
QI ).
Since the transistors were laid-out with double-contact base in order to maximize the edge/area ratio, the bias dependent contribution to rbb', given by the region under the emitter area, was neglected in Eq. ( 1). In this way, the emitter current is maximized at the base-emitter junction, lim- metric parameters are temperaWe independent, i-bb' remains constant in a temperature range of 200 K to 500 K when N is between lOI and 1 O*' cm-'. Therefore, it can be said that the variation of r&t, measured at 283 K, 303 K, and 343 K. is due to a variation of the value of mobility cc, which is the only parameter not constant in this temperature range. Moreover, we can consider the following expression for the hole mobility as a function of temperature and concentration [ 51 /.L,, = 54.3 T-o.57
x IO8 T-2.23 + I + [N/ (2.35 x IO" . T$")] 0.88T,-".'46 (2)
where T,, = T/3OO"C.
From the measurement of rbb' for different T, different values are obtained because of the change of mobility. The carrier concentration is found by using Eqs. ( 1) and (2). For the measurements at different 4 it was assumed that ,~r does not vary drastically after irradiation [ 61. In Fig. 10 , rbb/ is given as a function of temperature for non-irradiated and irradiated (at neutron fluenceof 8.9 x 1 015 n/cm2) CSPs compared with the calculated ones [by using Eqs. ( 1) and (2) ] where the concentrations were assumed N = 10" cmm3 and 5 x 10" cm-", respectively. This variation of carrier concentration, at the highest fluence, behaves as expected from the carrier removal process [ 61.
The values of concentration obtained before irradiation are in good agreement with the ones given by SGS-Thomson ( lOI to 3 x lOI cm-'). This proves that we have used a correct method for measuring carrier concentrations.
We can, thus, conclude that the increase of rbb' after maximum irradiation was caused mainly by a carrier removal effect which decreases the carrier concentration. 
Total noise behavior of the CSP, at 20 ns
The equivalent noise charge of the total noise of the CSP, both the measured and the calculated ones, can be seen in Fig. 11 . As in Ref. [ 11, the measurements were performed, simulating the actual experimental conditions, with a simulated total input capacitance of 150 pF, and the shaping time of an RC-CR shaper, r = 20 ns. Since the CSP became slower for this capacitance for the two highest fluences (4.16 x 10" and 8.90 x lOI n/cm*), the total noise measurements were performed for r = 100 and 200 ns for these oases, respectively, and scaled down to 20 ns by employing Eq.(l)ofRef.
[l]. The calculated noise was plotted (Fig. 11) for the same operating conditions. The maximum deviation of the calculated noise from the measured one is less than [ ( -8.0%) / (+4.4%) ] for all fluences. For the highest irradiation ( 1.09 x 1Or4 n/cm*) employed in our previous paper [ 11, ENC was by about I 1% higher than that of the irradiated CSP In this paper we found that for 1.19 x 10" n/cm* ENC is about 40% higher; for 4.16 x 10" n/cm2 it was more than 100% higher and for the highest irradiation (8.9 x lOI n/cm*) it was four times higher.
Noise behavior of y-irradiated CSP
The CSPs were irradiated with a mCo y-source to 1 and 5 Mrad. Measurements were performed on two y-irradiated CSPs. It was found that the series noise of the irradiated CSP did not vary. Parallel noise measurements show that it increases with increasing doses (Fig. 12) as a result of the decrease of the current gain p (Fig. 13) . At 1 Mrad the value of parallel noise increases by about 10% and for 5 Mrad the increase is about 20%.
The parallel noise measurements were also performed for r = 100 and 200 ns and then scaled to r = 20 ns by using a factor 7"'. 
CSP radiation hardness for both neutron-and y-irradiation
The effects of displacement damage, caused by high neutron fluence, are induced defect states, lifetime degradation, and bipolar transistor gain degradation. Therefore, being minority carrier devices, bipolar transistors are mainly sensitive to neutron fluence irradiation. Their current gain (/I) depends on carrier injected into the base from the emitter, surviving until they diffuse to the collector junction. Charge, trapped in the interface states, tends to spread the junction surfaces and produces enhanced recombination and, thus, decreasing p.
Ionizing effect of total-dose charge building in rad( Si) or rad( SiO2) affect mainly MOSFETs, by creating trap centers in the oxide.
For the BJT input transistor QI of the CSP (Fig. 1) Fhence [n/cm21 be seen in Fig. 14 that, for Icu, = 3 mA, p decreases up to 90% for 8.92 x 10" n/cm', as expected, while for a yirradiation dose as high as 5 Mrad, p decreases by about 26%
only. The equivalent neutron fluence for a y-dose of 1 Mrad, for a p decrease of about 21%, is N 5 x 10" n/cm2 while for a 5 Mrad dose it is N 8 x 1Or3 n/cm'. The same effect was observed by other groups using different high-speed monolithic processes [7, 8] . y irradiation produces mainly ionization, but displacement damage also occurs, with a much smaller efficiency than for neutrons. A further contribution is caused by the increase of surface recombination in the oxide between the base and the emitter. This last effect may not be negligible for these very small devices. Surface recombination which is more efficient at low collector current densities [ 71, can be attenuated by increasing the collector current. If power dissipation cannot be increased, this can be realized by using a smaller area input device, at the expense of a series noise increase.
Conclusions
The behavior of noise sources in a Charge Sensitive Preamplifier (CSP) were studied for neutron fluences, 4, ranging from 1 x 1OJ4 n/cm* to 8.92 x lOI n/cm'.
For a collector current of 3 mA, the results from the 5500 ,um2 NPN input transistor are: (a) for the maximum neutron fluence (8.92 x IO" n/cm') the modification of the current gain /3, A/?/p, resulted in a reduction of 90% while (b) for the maximum y-dose (5 Mrad), the reduction was only 26%. The parallel noise increased steeply between I x 1 015 n/cm' and about I x lOI n/cm*, from about 24% to 700%. The total series noise increased from 11% to 30%. The noise contribution from the PMOS increased the series input noise from 2.4 62 to 9.9 f1. The base spreading resistance, T,,/,/, in the bipolar input transistor was found to increase by 56% (from 4.5 R to 7.8 0).
